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The quantum vacuum constitutes a fascinating medium of study, in particular since near-future
laser facilities will be able to probe the nonlinear nature of this vacuum. There has been a large
number of proposed tests of the low-energy, high intensity regime of quantum electrodynamics
(QED) where the nonlinear aspects of the electromagnetic vacuum come into play, and we will here
give a short description of some of these. Such studies can shed light, not only on the validity of
QED, but also on certain aspects of nonperturbative effects, and thus also give insights for quantum
field theories in general.
I. INTRODUCTION
The event of high-power lasers has dramatically
changed the way we do science. As a tool for basic and
applied research, lasers are surpassed by few in its useful-
ness and breath. Spectroscopic techniques based on laser
systems gives us high-precision measurements, lasers and
optical fibers gives a means of rapid long range com-
munication, and the prospects of using laser accelerated
protons for hadron theory is within reach in the near
future, to name but a few examples. For fundamental
physics, the coherent nature of lasers in conjunction with
new compression techniques gives us an unsurpassed op-
portunity to investigate the ultra-high intensity realm of
physical theory. In particular, quantum electrodynam-
ics (QED) can soon be probed in its non-perturbative
regime, giving important information about the theory
where theory is still struggling. Furthermore, such tests
of QED can also be useful for understanding the inherent
non-perturbative nature of other quantum field theories.
But perhaps the most exciting perspective is the pos-
sibility to find new physics in such high-intensity envi-
ronment, as well as constraining modifications of current
standard models [1] (see Fig. 1).
In this paper we will look into the experimental
prospects of doing laser based experiments on the quan-
tum vacuum. In particular, we will discuss a few of the
many suggestions in the literature. Thus, the presenta-
tion in this paper is in no way conclusive, and does not
aim at covering all the important aspects of this growing
field of research. However, we hope that the material at
hand will give a flavor of the current status of quantum
vacuum investigations.
In closing of this introduction, the following quotation
might seem prudent computational methods [2]
In eighteen-century Newtonian mechanics,
the three-body problem was insoluble. With
the birth of general relativity around 1910
and quantum electrodynamics in 1930, the
two- and one-body problems became insolu-
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FIG. 1: A picture of the different regimes covered by acceler-
ators and lasers (not to scale).
ble. And within modern quantum field the-
ory, the problem of zero bodies (vacuum) is
insoluble.
II. THE QUANTUM VACUUM
Quantum field theory (QFT) allows virtual particle
pairs to be spontaneously created in vacuum provided
that they annihilate each other within a sufficiently short
time governed by the Heisenberg uncertainty principle.
Since fluctuations of virtual particles will always be
present, this leads to a redefinition of our concept of
what constitutes a vacuum. A vacuum is the lowest
energy state of a system, which usually implies a volume
in absence of real particles. The vacuum fluctuations do
in general not give note of themselves unless the vacuum
is disturbed in some way. The disturbance can be in the
form of an external electromagnetic field or sometimes
in the form of simple boundary conditions. Below we
briefly outline a few effects arising from the non-classical
2FIG. 2: A heuristic representation of the Casimir effect.
properties of the quantum vacuum.
The Casimir effect
Virtual photons must obey the same boundary con-
ditions as classical fields. So, if two parallel perfectly
conducting plates are placed close to each other in
vacuum, only standing wave modes are allowed to
exist in between the plates, whereas any mode can
exist outside where the boundaries are at infinity. The
vacuum energy density in between the two plates will
then be lower than outside, and there will be a net
attractive force between the plates [3, 4] (see Fig. 2).
This effect has been successfully verified in experiment
by e.g. Refs. [5, 6, 7, 8, 9, 10], see also references therein.
Pair creation
Suppose that the vacuum is disturbed by a strong exter-
nal electric field. A virtual electron-positron pair may
then become real if the work exercised by the electric
field on an electron over the distance of approximately a
Compton wavelength is of the order of the electron rest
mass (see Fig. 3). Pair production has been observed
in experiment where high frequency photons interacted
with an intense electromagnetic field, [11] (see Fig.
4). Pair creation by focused laser beams has also been
discussed in e.g. Refs. [12, 13].
Photon-photon scattering
Photons are indifferent to each other within classical
electrodynamics in the absence of a material medium.
Two laser beams colliding in vacuum would simply not
affect each other. However, photons can interact with
the virtual electron-positron pairs of the quantum vac-
uum. In this way, an energy and momentum exchange
between the photons can be mediated by virtual particle
pairs of quantum vacuum fluctuations. Thus, two or
more photons may scatter off each other (see Fig. 5).
Vacuum birefringence
A strong external magnetic field will affect the virtual
FIG. 3: Pair production through photon interaction.
FIG. 4: A schematic picture of the experiment presented in
Ref. [11].
FIG. 5: The process of elastic scattering among photons
through the quantum vacuum.
3electron-positron fluctuations of the quantum vacuum.
As a result, the phase velocity of photons propagating
in the ordinary mode and the extraordinary mode will
be different [14, 15].
Photon acceleration in vacuum
A test photon propagating along a plasma oscillation
will experience different plasma densities depending on
the position of the photon. The density perturbations
can affect the group velocity of the test photon, and for
this reason the process is called photon acceleration. In
the same way, a test photon propagating in an intense
modulated background of radiation, e.g. in the form of
a nearly unidirectional photon beam, will experience a
frequency shift. Here the plasma density perturbations
are replaced by a trail of density perturbations of
virtual electron-positron pairs induced by the intense
background radiation itself [16, 17].
Self-lensing effects
A strong pulse of light may substantially affect the
properties of the vacuum in which it propagates, thus
effecting its own evolution. However, as a consequence
of Lorentz invariance the lowest order non-linear terms
describing this self-interaction vanish for parallel prop-
agation. So, the vacuum needs to be modified by an
external electromagnetic field or with a wave guide for
this effect to become important. This self-interaction
can have a self-lensing effect on the pulse if the vacuum
is properly modified, and this can lead to effects such as
photon splitting in the presence of an external magnetic
field [18], the formation of light bullets1 in suitable
waveguides [21] or properly modulated background
fields [22], or pulse collapse in an intense gas of photons
[23]-[25].
Most of the quantum vacuum effects listed above
do not become important unless the vacuum is disturbed
by a strong electric and/or magnetic field (the Casimir
effect is an exception). The static electric field strength
threshold above which quantum vacuum effects no
longer can be neglected is often set to be the Sauter-
Schwinger limit, where Ecrit ≈ 10
16 Vcm−1. This field
strength immediately translates into a critical intensity,
1029 Wcm−2. Above this intensity, the vacuum is no
longer stable and we can expect significant electron-
positron pair production. This threshold may be relaxed
if the field considered is not static but time-varying. For
the case of a modulated laser pulse, it is expected that
the threshold intensity will be reduced by 1-2 orders of
1 No stable soliton solution to the ordinary (i.e. cubic) nonlinear
Schro¨dinger equation in dimensions larger than one have been
found (see e.g. Ref. [19]), but neither has a proof stating that
this cannot be found. The question whether higher dimensional
stable photon bullets can exist or not thus still remains open
(however, see Ref. [20]).
magnitude [13]. Currently, lasers can reach intensities of
around 1021 − 1022 Wcm−2 [26, 27], but the laser power
is expected to continue to increase for some time [27, 28].
For instance, there are prospects of laser systems, e.g.
the Extreme Light Infrastructure (ELI) [29] and the
High Power laser Energy Research system (HiPER) [30],
that offers the potential of reaching intensities exceeding
1025 Wcm−2. Such intensities would truly challenge the
vacuum critical field, and perhaps open up for direct
studies of the quantum vacuum.
III. WHY LASERS?
QED is a well tested theory, in particular in the
high energy low intensity regime of particle accelerators
(CERN, SLAC etc.). The theory, however, is not very
well tested in the soft photon high intensity regime. This
has mainly been due to the limit of available high field
strengths. High-Z atoms offer high electric field strengths
and have been used to detect Delbru¨ck scattering [31] and
photon splitting [32]. Many QED processes, however,
still remain untested in this high field regime. Photon-
photon scattering is one such example, and it can only
become experimentally accessible in this high intensity
regime because of the small scattering cross-section (of
the order of 10−65 cm2 in the optical regime). With the
rapidly growing powers of present day laser systems, in-
tensity regimes where processes like photon-photon scat-
tering and electron-positron pair creation may be of im-
portance is expected to become within reach in a near
future.
Quantum vacuum experiments using external fields
have also been proposed as a way of probing new physics
[1, 33]. These kind of experiments are particularly suit-
able for searching for new low energy weakly interacting
degrees of freedom, e.g. light pseudo scalar particles such
as axions2. It is possible that in the future, quantum
vacuum experiments can be used to explore parameter
ranges of particle physics beyond the Standard Model.
Laser driven experiments are thus an important comple-
ment to accelerator driven experiments.
IV. PHOTON–PHOTON SCATTERING
A. Experimental four-wave mixing
Direct observation of elastic photon–photon scattering
among real photons would be an important benchmark
test of laser based QED experiments. Deviations for the
2 Axions are bosons which were introduced in order to explain the
absence of CP symmetry breaking in QCD [34, 35, 36], and the
axion is still to be detected.
4expected scattering rate would indicate new physics in
the low-energy regime. Throughout the last decades, sev-
eral suggestions on how to detect elastic photon–photon
scattering, using laser assisted schemes, have been made.
For instance, Refs. [37, 38] suggest that non-linear inter-
actions between colliding laser pulses in vacuum will lead
to a measurable phase shift at exawatt power regiems.
Moreover, crossing electromagnetic waves can interact
and yield new modes of different frequencies. One of the
more prominent modes in such a mechanism is given by
the four-wave interaction mediated mode satisfying res-
onance condition between the frequencies and wavevec-
tors (i.e. photon energy and momentum conservation)
[39]. It is therefore not a surprise, given the evolu-
tion of laser powers and frequencies, that the search for
photon–photon scattering using resonant four-wave in-
teractions has caught the attention of researchers in this
area. This approach has also come furthest in the ex-
perimental attempts to detect elastic scattering among
photons [40, 41, 42, 43, 44].
Using the resonance conditions ω4 = ω1 + ω2 − ω3
and k4 = k1 + k2 − k3, between the vacuum generated
photons and the laser pump sources, respectively, one
may derive a set of wave interaction equations for slowly
varying amplitudes ai, i = 1, . . . , 4, of the form [45]
dai
dt
= Cajaka
∗
l , (1)
given any type of media through which the waves may
interact. Here the coupling constants C depend on the
interaction in question, as well as on the physical param-
eters of the system around which the waves are modu-
lated.
The coupling constants may be interpreted in terms
of the nonlinear susceptibility of the vacuum. Moulin
& Bernard [44] considered the interaction of three cross-
ing waves, characterized by their respective electric field
vectors Ei, producing a fourth wave E4. Starting from
Maxwell’s equations with the usual weak field limit
Heisenberg–Euler third order nonlinear corrections, they
derive the nonlinear Schro¨dinger equation (see also Ref.
[23] for similar results in a different setting)
i
(
∂
∂t
+ c
∂
∂z
)
E4 +
c2
2ω4
∇2⊥E4 = −
ω4
2
χ(3)E1E2E
∗
3 (2)
for the driven wave amplitude E4, where the overall har-
monic time dependence exp(−iωt) has been factored out.
Here χ(3) is the third order nonlinear susceptibility given
by
χ(3) =
α
45π
K
E2crit
≈ 3× 10−41 ×Km2/V2, (3)
where K is a dimensionless form factor of order unity.
The value of K depends on the polarization and prop-
agation directions of the pump modes, and reaches a
maximum of K = 14 for degenerate four-wave mixing
[44]. Refs. [42] and [43] presented experiments on four-
wave mixing in vacuum, improving previous attempts by
nine orders of magnitude, although no direct detection of
photon–photon scattering was achieved.
FIG. 6: Configuration of the incoming laser beams (repre-
sented by the wave vectors k1,k2 and k3) and the direction
of the scattered wave (with wave vector k4).
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FIG. 7: (a) shows the expected number of generated photons
predicted by (4) when increasing the laser power while keep-
ing the beam width constant at b = 1.6 µm. The beam power
is that of a single beam that is split, frequency doubled (with
60% energy loss) and then split again in order to obtain the
configuration in Fig. (6). Numbers are calculated assuming
an optimum choice of polarizations. (b) illustrates the polar-
ization dependence of the signal when the polarization of one
beam is kept fixed at an optimal value, while the polarization
of the other two beams is varied.
There are more recent proposals for detection of
photon–photon scattering using four-wave interactions.
[46, 47] has done more detailed calculations concerning
experimental constraints, showing the feasibility of such
an experiment. Using a proposed setup according to Fig.
6, the number of photons generated through a four-wave
mixing process was determined. For simplicity, in the 3D
5TABLE I: The table shows more precise values for the number
of scattered photons in Fig. 7, for some different laser powers.
Nγγ is the number of generated QED scattered photons. We
see that for a system like ELI a very large fraction of photons
will be generated through the nonlinear quantum vacuum.
Source beam power [PW] Nγγ
1 0.066
5 8.3
10 66
20 5.3× 102
50 8.3× 103
100 6.6× 104
1000 6.6× 107
case the interaction region will be modeled by a cube with
side b, existing during a time L/c (more precise numer-
ical estimates can be derived using more accurate laser
pulse profiles, but the result does not differ significantly
from the one below). The estimated number of scattered
photons per shot is found to be (see Fig. 7)
Nγγ =
27πκ2
~c4
η2G23DLλ
−3
4 P1P2P3, (4)
where κ = 2α2~3/45m4ec
5 defines the strength of the non-
linear coupling in QED, Pj is the power of the incoming
pulses, λ4 the generated wavelength determined by the
resonance conditions and the pump laser parameters,G3d
is a geometric factor capturing the polarization depen-
dence and η2 depends on the pulse model. Expressions
for G3d and η
2 can be found in [47]. Here we assume
the same focal spot size independent of beam power. For
further discussion on noise sources and their treatment,
see Ref. [47].
Experiments along the same lines as described for four-
wave mixing above can also be used for a large number of
other, non-QED tests, such as axion search [41, 48, 49].
Thus, progress of low-energy QED experiments could also
prove to be useful for, e.g. dark matter searches.
B. Is it worthwhile to further test QED?
Would it be worthwhile to experimentally test the pro-
cess of elastic photon-photon scattering? Elastic photon-
photon scattering is a fundamental untested process in
QED. An experiment is thus of great fundamental inter-
est. This process can only become experimentally acces-
sible using high power light sources. The principle of an
experimental scheme is clean and simple; collide three
beams satisfying a given matching condition in vacuum
and a fourth beam will be generated. There are still
practical problems that need to be considered, but an
experiment of this kind could serve as a benchmark for
more advanced (QED) high intensity experiments.
A high precision photon-photon scattering experiment
may also offer the prospect that new physics could be
probed. For instance, it may be possible to trace a devi-
ation from the predicted polarization dependence to a de-
viation from Lorentz invariance. Lorentz invariance has
not been tested in laboratory, although limits of any pos-
sible deviation has been presented based on astrophysi-
cal observations [50, 51]. In general one speaks of Born-
Infeld type Lagrangians when we have a Lagrangian built
from the Lorentz field invariants, and the coefficients are
kept arbitrary [52, 53]. A Born-Infeld type Lagrangian
may be written as
L = ξ2
[
1−
√
1 +
1
2ξ2
(E2−B2)−
1
16ξ4
(E ·B)2
]
,
(5)
and this can give us some insight in how to interpret a
deviation. Here ξ is the relevant coupling constant for
the modified electrodynamics. The Born-Infeld form of
Lagrangian (5) also occurs as the effective field limit of
quantized strings [54] (see Ref. [55] for a review). In such
effective Lagrangians the field strength coefficients con-
tain the string tension. A Lagrangian of this form affects
the geometric factor G3d, and thus the polarization de-
pendence of the signal seen in Fig. (7b).
Another feature of QED that has not been very well in-
vestigated is derivative correction to the Heisenberg La-
grangian due to field variations [56]. The Lagrangian
correction is a dispersive correction that can be written
as
LD = σε0
[
FabF
ab −
(
∂aF
ab
)
(∂cF
c
b)
]
, (6)
where  = ∂a∂
a =
(
c−2∂2t −∇
2
)
is the d’Alembertian
and σ = (2/45)αc2/ω2e is the coefficient of the deriva-
tive correction. A slightly different and more general
Lagrangian derivative correction than (6) can be found
in Refs. [57, 58]. In the presence of a strong magnetic
field in vacuum, the vacuum will not only be birefringent
but also dispersive. Ref. [59] also shows that the magni-
tude of the dispersive effects will be different for the two
photon modes.
V. PAIR PRODUCTION
Electron positron pair creation in vacuum is interesting
to study because it is truly a non-perturbative effect of
QED. There are two basic mechanisms behind this pro-
cess. On one hand, we have the Schwinger mechanism
which allows pairs to be produced if a static external
electric field exceeds the critical field strength Ecrit ≈
1016 V/cm. On the other hand, we may have dynami-
cal pair creation if the photon frequency is larger than
the Compton frequency. Thus, the Schwinger threshold
for pair creation needs to be modified for external fields
with spatial and temporal variation. Both processes are
exponentially suppressed in weak field regimes.
Since the field of a laser pulse is not static and uniform
but slowly varying compared to the Compton frequency
6and the Compton wavelength, both the Schwinger and
the dynamical pair creation processes are contributing to
an actual threshold. The combined contribution from a
strong slowly varying field and weak but fast electromag-
netic wiggles has been studied recently in [60]. In gen-
eral, spatial compression of a pulse tends to give a higher
threshold for pair creation [61, 62], whereas compression
in time tends to lower the threshold. Several studies of
time-varying fields have been performed suggesting that
pair creation could in principle be detected in experi-
ments with field strengths 1-2 orders of magnitude lower
than the Sauter-Schwinger limit [12, 13, 63, 64, 65]. Some
authors [66] have even suggested a yet lower threshold. It
is, however, unclear to what extent spatial compression
of a focused laser pulse will counter the positive effect of
time-compression. Thus, the true threshold for detection
of pair production in a laser experiment is still unknown.
A new approach to resolve such non-perturbative prob-
lems is needed, and the semi-classical approach of world
line instantons [67, 68] may offer means to do so. How-
ever, it is possible that successful experiments will come
before a useful theory is at hand.
Pair creation experiments may also offer connection
with high-energy physics. e+e− → µ+µ− is one of the
fundamental processes in high-energy physics, and Ref.
[69] studies µ+µ− creation by the interaction of a strong
laser field with a low energy e+e− plasma.
VI. PULSE COLLAPSE
Self interaction of a plane wave propagating in vacuum
is prohibited in QED since the Lorentz field invariants
vanish. However, light-light interactions may have a self
focusing effect if the beam and/or background is prop-
erly modulated. For instance, self focusing can lead to
collapse for two counter propagating beams, if the con-
dition
( α
90π
)1/2 |E|
Ecrit
>
rp
λp
, (7)
is satisfied. Here rp is the pulse radius and λp = 2π/kp
the pulse wavelength. We may also have collapse for
waves propagating caught in a wave guide [21, 70], or in
a photon gas [23], provided that the background and/or
pulse is intense enough. A governing set of equations sim-
ilar to that given by a Zakharov system [71, 72], where
the radiation pressure of the pulse excites acoustic dis-
turbances δE in the photon gas of density E0 which leads
to a back reaction on the pulse with amplitude E and
wavenumber kp and subsequent collapse [23], can be de-
rived (here for the polarization averaged case)
i
∂E
∂t
+
c
2kp
∇2⊥E +
11αckp
135π
E
ǫ0E2crit
E = 0, (8a)
(
∂2
∂t2
−
c2
3
∇2
)
δE = −
11αE0
45π
c2
3
∇2
(
|E|
Ecrit
)2
.(8b)
These results are obtained using the one-loop approxima-
tion, but it is possible to also include higher order loops
in the analysis [73].
In a pulse collapse, field intensities and gradients can
grow very large, and consequently higher order QED and
derivative [56] effects will become important for the dy-
namics. It is expected that pair creation will at some
point attenuate the pulse intensity. The threshold for
pair creation in such a spatially compressed pulse is, how-
ever, unresolved.
VII. HARMONIC GENERATION
A virtual particle pair may absorb several laser pho-
tons, while producing a smaller number of photons as
they annihilate each other. Consequently, the interac-
tion of a laser pulse with quantum vacuum fluctuations
can lead to generation of higher harmonics. Ref. [74]
has studied generation of higher harmonics in a standing
wave laser field and obtained the harmonic spectrum for
different photon energies. Ref. [75] on the other hand
considers generation of higher harmonics from a focused
intense laser pulse, and shows that this could in princi-
ple be detected already at field intensities of the order of
1027 Wcm−2. This is interesting since these harmonics
will be generated at any facility producing ultra intense
light pulses.
VIII. QUANTUM PLASMAS
The field of quantum plasmas is a rapidly growing field
of research. From the non-relativistic domain, with its
basic description in terms of the Schro¨dinger equation,
to the strongly relativistic regime, with its natural con-
nection to quantum field theory, quantum plasma physics
provides promises of highly interesting and important ap-
plication, fundamental connections between different ar-
eas of science, as well as difficult challenges from a com-
putational perspective (see the mind map in Fig. 8). The
necessity to thoroughly understand such plasmas moti-
vates a reductive principle of research, for which we suc-
cessively build more complex models based on previous
results. The simplest lower order effect due to relativis-
tic quantum mechanics is the introduction of spin, and
as such thus provides a first step towards a partial de-
scription of relativistic quantum plasmas.
Already in the 1960’s, Pines studied the excitation
spectrum of quantum plasmas [76, 77], for which we have
a high density and a low temperature as compared to
normal plasmas. The theory for such plasmas can be
viewed as a natural generalization to the theory of quan-
tum liquids [78, 79]. In such plasma systems, the fi-
nite width of the electron wave function, among other
things, makes quantum tunnelling effects crucial, leading
to e.g. an altered dispersion relation. Since the pioneer-
ing work by Pines et al., a number of theoretical stud-
7FIG. 8: Starting from the simplest description of a quantum
system in terms of a scalar Schro¨dinger equation, a contin-
uous route connects this to quantum field theory, and thus
gives an overall framework for dealing with collective quan-
tum dynamics as well.
ies of quantum statistical properties of plasmas has been
done (see, e.g., Ref. [80] and references therein). For ex-
ample, Bezzerides & DuBois presented a kinetic theory
for the quantum electrodynamical properties of nonther-
mal plasmas [81], while Hakim & Heyvaerts presented a
covariant Wigner function approach for relativistic quan-
tum plasmas [82]. Recently there has been an increased
interest in the properties of quantum plasmas [83, 84, 85,
86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100].
The studies have been motivated by the development in
nanostructured materials [101] and quantum wells [102],
the discovery of ultracold plasmas [103] (see Ref. [104] for
an experimental demonstration of quantum plasma oscil-
lations in Rydberg systems), astrophysical applications
[105], or a general theoretical interest. Moreover, it has
recently been experimentally shown that quantum dis-
persive effects are important in inertial confinement plas-
mas [106]. The list of quantum mechanical effects that
can be included in a fluid picture includes the dispersive
particle properties accounted for by the Bohm potential
[83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94], the zero tem-
perature Fermi pressure [83, 84, 85, 86, 87], spin proper-
ties [95, 96, 97], certain quantum electrodynamical effects
[45, 46, 59, 107], nano-plasmonics devices [108], as well as
quantum effects in the classical regime [109, 110]. Within
such descriptions, [46, 59, 83, 84, 85, 86, 87, 95, 96, 107] a
unified picture of quantum and classical collective effects
can be obtained.
IX. CONCLUSIONS
In this paper, we have mentioned but a few of the pos-
sible investigations of the quantum vacuum through the
use of high-power lasers. In particular, focus has been
given certain experiments that are feasible with current
techniques, such as probing elastic photon–photon scat-
tering. However, many important aspects of quantum
dynamics and quantum vacuum physics have been left
out of the discussion. In particular, effects such as
• gigagauss laboratory magnetic field generation
through solid target-laser interactions (see e.g.
[28]),
• photon splitting [18],
• Landau quantization [111] and its collective equiv-
alent, and
• the Unruh effect.
Here, perhaps the last point has attracted the largest in-
terest (see e.g. [112, 113, 114, 115] and references therein)
due to its heuristic coupling to the famous Hawking radi-
ation [116] and dynamical Casimir effect (see e.g. [117] for
a discussion). Due to its nature, the semi-classical con-
cept of Hawking radiation ties together spacetime struc-
ture, thermodynamics, and quantum field theory into a
surprising and fundamental bundle of ideas. A proper
test of the Unruh effect could indeed constitute a break-
through in our understanding of the deep connection be-
tween different areas of physics.
Acknowledgments
This work is supported by the European Research
Council under Constract No. 204059-QPQV, and the
Swedish Research Council under Contract No. 2007-4422.
The authors acknowledge the support by the European
Commission under contract ELI PP 212105 in the frame-
work of the program FP7 Infrastructures-2007-1.
[1] H. Gies, J. Phys. A: Math. Theor. 41, 164039 (2008).
[2] R. D. Mattuck, A Guide to Feynman Diagrams in the
Many-Body Problem (McGraw-Hill International Book
Company, New York, 1976).
[3] H. B. G. Casimir, Proc. K. Ned. Akad. Wet. 52, 793
(1948).
[4] H. B. G. Casiimir, and D. Podler, Phys. Rev. 73, 360
(1948).
[5] C. I. Sukenik, M. G. Boshier, D. Cho, V. Sandoghdar,
and E. A. Hinds, Phys. Rev. Lett. 70, 560 (1993).
[6] V. M. Mostepanenko, and N. N. Trunov, The Casimir
Effect and its Applications (Oxford Science Publica-
8tions, Oxford, 1997).
[7] S. K. Lamoreaux, Phys. Rev. Lett. 78, 5; 81, 5475(E)
(1998).
[8] M. Bordag, U. Mohideen, and V. M. Mostepanenko,
Phys. Rep. 353, 1 (2001).
[9] G. Bressi, G. Garugno, R. Onofrio, and G. Ruoso, Phys.
Rev. Lett. 88, 041804 (2002).
[10] D. M. Harber, J. M. Obrecht, J. M. McGuirk, and E.
A. Cornell, Phys. Rev. A 72, 033610 (2005).
[11] D. L. Burke, R. C. Field, G. Horton-Smith, et al., Phys.
Rev. Lett. 79, 1626 (1997).
[12] R. Alkofer, M. B. Hecht, C. D. Roberts, S. M. Schmidt,
and D. V. Vinnik, Phys. Rev. Lett. 87, 193902 (2001).
[13] N. B. Narozhny, S. S. Bulanov, V. D. Mur, and V. S.
Popov, Phys. Lett. A 330, 1 (2004).
[14] J. S. Heyl, and L. Hernquist, J. Phys. A 30, 6485 (1997).
[15] T. Heinzl and A. Ilderton, arXiv:0811.1960 (2008).
[16] J. T. Mendonc¸a, Theory of Photon Acceleration (Insti-
tute of Physics Publishing, Bristol, 2001).
[17] J. T. Mendonc¸a, M. Marklund, P. K. Shukla, and G.
Brodin, Phys. Lett. A 359, 700 (2006).
[18] S. L. Adler, Ann. Phys. 67, 599 (1971).
[19] M. Desaix, D. Anderson, and M. Lisak, J. Opt. Soc.
Am. B 8, 2082 (1991.)
[20] M. Belic´, N. Petrovic´, W.-P. Zhong, R.-H. Xiw, and G.
Chen, Phys. Rev. Lett. 101, 123904 (2008).
[21] G. Brodin, L. Stenflo, D. Anderson, M. Lisak, M. Mark-
lund, and P. Johannisson, Phys. Lett. A 306, 206
(2003).
[22] M. Soljaccˇic´, and M. Segev, Phys. Rev. A 62, 043817(R)
(2000).
[23] M. Marklund, G. Brodin, and L. Stenflo, Phys. Rev.
Lett. 91, 163601 (2003).
[24] P. K. Shukla, and B. Eliasson, Phys. Rev. Lett. 92,
073601 (2004).
[25] N. N. Rozanov, Zh. ksp. Teor. Fiz. 113, 513 (1998)
[JETP 86, 284 (1998)].
[26] S.-W. Bahk, P. Rousseau, T. A. Planchon, V. Chvykov,
G. Kalintchenko, A. Maksimchuk, G. A. Mourou, and
V. Yanovsky, Optics Lett. 29, 2837 (2004).
[27] G. A. Mourou, T. Tajima, and S. V. Bulanov, Rev. Mod.
Phys. 78, 309 (2006).
[28] G. A. Mourou, C. P. J. Barty, and M. D. Perry, Phys.
Today 51(1), 22 (1998).
[29] Extreme Lignt Infrastructure,
http://www.extreme-light-infrastructure.eu/,
2008-11-07.
[30] High Power laser Energy Research system,
http://www.hiper-laser.org/, 2008-11-07.
[31] G. Jarlskog, L. Jo¨nsson, S. Pru¨nster, H. D. Schulz, H.
J. Willutzki, and G. G. Winter, Phys. Rev. D 8, 3813
(1973).
[32] Sh. Zh. Akhmadaliev, G. Ya. Kezerashvili, S. G. Kli-
menko, et al., Phys. Rev. Lett. 89, 061802 (2002).
[33] H. Gies, arXiv:0812.0668v1 (2008).
[34] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).
[35] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[36] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[37] A. Ferrando, H. Michinel, M. Seco, and D. Tommasini,
Phys. Rev. Lett. 99, 150404 (2007).
[38] D. Tommasini, A. Ferrando, H. Michinel, and M. Seco,
Phys. Rev. A 77, 042101 (2008).
[39] N. N. Rozanov, Zh. Eksp. Teor. Fiz. 103, 1996 (1993)
[JETP 76, 991 (1993)].
[40] D. Bernard, Experiments on Photon–Photon Scatter-
ing, in Frontier Tests of QED and Physics of the Vac-
uum, eds. E. Zavattini, D. Bakalov, and C. Rizzo (Heron
Press, Sofia, Hungary, 1998).
[41] D. Bernard, Nucl. Phys. B (Proc. Suppl.) 72, 201
(1999).
[42] D. Bernard, Nucl. Phys. B (Proc. Suppl.) 82, 439
(2000).
[43] D. Bernard et al., Eur. Phys. J. D 10, 141 (2000).
[44] F. Moulin, and D. Bernard, Opt. Comm. 164, 137
(1999).
[45] M. Marklund, and P. K. Shukla, Rev. Mod. Phys. 78,
591 (2006).
[46] E. Lundstro¨m et al., Phys. Rev. Lett. 96, 083602 (2006).
[47] J. Lundin et al., Phys. Rev. A 74, 043821 (2006).
[48] A. Dupays, C. Rizzo, M. Roncadelli, and G. F. Bignami,
Phys. Rev. Lett. 95, 211302 (2005).
[49] R. Bradley et al., Rev. Mod. Phys. 75, 777 (2003).
[50] V. A. Kostelecky´, and M. Mewes, Phys. Rev. Lett. 87,
251304 (2001).
[51] V. A. Kostelecky´, and M. Mewes, Phys. Rev. D 66,
056005 (2002).
[52] M. Born and L. Infeld, Proc. Roy. Soc. A 144, 425
(1934).
[53] P.A.M. Dirac, Proc. Roy. Soc. A 257, 32 (1960).
[54] E.S. Fradkin and A.A. Tsetylin, Phys. Lett. B 163, 123
(1985).
[55] A.A. Tsetylin, hep-th/9908105 (1999).
[56] S. G. Mamaev, V. M. Mostepanenko, and M. I. E˘ides,
Sov. J. Nucl. Phys. 33, 569 (1981).
[57] V. P. Gusynin, and I. A. Shovkovy, J. Math. Phys. 40,
5406 (1999);
[58] V. P. Gusynin, and I. A. Shovkovy, Can. J. Phys. 74,
282 (1996).
[59] J. Lundin, J. Zamanian, M. Marklund, and G. Brodin,
Phys. Plasmas, 14, 062112 (2007).
[60] R. Schu¨tzhold, H. Gies, and G. Dunne, Phys. Rev. Lett.
101, 130404 (2008).
[61] N. B. Narozhnyi, and A. I. Nikishov, Sov. J. Nucl. Phys.
11, 596 (1970)
[62] H. Gies, and K. Klingmuller, Phys. Rev. D 72, 065001
(2005).
[63] A. Ringwald, Phys. Lett. B 510, 107 (2001).
[64] A. Ringwald, arXiv:hep-ph/0304139v1 (2003).
[65] F. Hebenstreit, R. Alkofer, and H. Gies, Phys. Rev. D
78, 061701 (2008).
[66] D. B. Blaschke, A. V. Prozorkevich, C. D. Roberts, S.
M. Schmidt, and S. A. Smolyansky, Phys. Rev. Lett.
96, 140402 (2006).
[67] G. V. Dunne, and C. Schubert, Phys. Rev. D 72, 105004
(2005).
[68] G. V. Dunne, and H. Gies, Phys. Rev. D 73, 065028
(2006).
[69] C. Mu¨ller, K. Z. Hatsagortsyan, and C. H. Keitel, Phys.
Rev. D 74, 074017 (2006).
[70] P. K. Shukla, B. Eliasson, and M. Marklund, Opt.
Comm. 235, 373 (2004).
[71] V. E. Zakharov, Sov. Phys. JETP 35, 908 (1972).
[72] B. Malomed et al., Phys. Rev. E 55, 962 (1997).
[73] D. Kharzeev, and K. Tuchin, Phys. Rev. A 75, 043807
(2007).
[74] A. Di Piazza, K. Z. Hatsagortsyan, and C. H. Keitel,
9Phys. Rev. D 72, 085005 (2005).
[75] A. M. Fedotov, and N. B. Narozhny, Phys. Lett. A 362,
1 (2006).
[76] D. Pines, J. Nucl. Energy C: Plasma Phys. 2, 5 (1961).
[77] D. Pines, Elementary Excitations in Solids (Westview
Press, 1999).
[78] D. Pines and P. Nozie`res, The Theory of Quantum Liq-
uids (Perseus Books Publishing, 1999).
[79] A. J. Legget, Quantum Liquids (Oxford University
Press, 2006)
[80] D. Kremp, M. Schlanges, and W.-D. Kraeft, Quantum
Statistics of Nonideal Plasmas (Springer, 2005).
[81] B. Bezzerides, and D. F. DuBois, Ann. Phys. (N.Y.) 70,
10 (1972).
[82] R. Hakim and J. Heyvaerts, Phys. Rev. A 18, 1250
(1978).
[83] G. Manfredi, Fields Inst. Comm 46, 263 (2005)
[84] F. Haas, G. Manfredi, and M. R. Feix, Phys. Rev. E 62,
2763 (2000).
[85] F. Haas, Phys. Plasmas 12, 062117 (2005).
[86] L. G. Garcia, F. Haas, L. P. L. de Oliveira, and J. Goed-
ert, Phys. Plasmas 12, 012302 (2005).
[87] P. K. Shukla, Phys. Lett. A 352, 242 (2006).
[88] F. Haas, L. G. Garcia, J. Goedert, and G. Manfredi,
Phys. Plasmas 10, 3858 (2003).
[89] P. K. Shukla, and L. Stenflo, Phys. Lett. A 355, 378
(2006).
[90] P. K. Shukla, Phys. Lett. A 357, 229 (2006).
[91] P. K. Shukla, L. Stenflo, and R. Bingham, Phys. Lett.
A 359, 218 (2006).
[92] P. K. Shukla, and B. Eliasson, Phys. Rev. Lett. 96,
245001 (2006).
[93] P. K. Shukla, S. Ali, L. Stenflo, and M. Marklund, Phys.
Plasmas 13, 112111 (2006).
[94] F. Haas, Europhys. Lett. 44, 45004 (2007).
[95] M. Marklund, and G. Brodin, Phys. Rev. Lett. 98,
025001 (2007).
[96] G. Brodin, and M. Marklund, New J. Phys. 9, 277
(2007).
[97] G. Brodin, and M. Marklund, Phys. Plasmas 14, 112107
(2007).
[98] P. K. Shukla, and B. Eliasson, Phys. Rev. Lett. 99,
096401 (2007).
[99] D. Shaikh, and P. K. Shukla, Phys. Rev. Lett. 99,
125002 (2007).
[100] G. Brodin, and M. Marklund, Phys. Rev. E 76,
055403(R) (2007).
[101] H. G. Craighead, Science 290, 1532 (2000).
[102] G. Manfredi and P.-A. Hervieux, Appl. Phys. Lett. 91,
061108 (2007).
[103] W. Li, P. J. Tanner, and T. F. Gallagher, Phys. Rev.
Lett. 94, 173001 (2005).
[104] R. S. Fletcher, X. L. Zhang, and S. L. Rolston, Phys.
Rev. Lett. 96, 105003 (2006).
[105] A. K. Harding and D. Lai, Rep. Prog. Phys. 69, 2631
(2006).
[106] S. H. Glenzer et al., Phys. Rev. Lett. 98, 065002 (2007).
[107] G. Brodin, M. Marklund, B. Eliasson and P. K. Shukla,
Phys. Rev. Lett. 98, 125001 (2007)
[108] M. Marklund, G. Brodin, L. Stenflo, and C. S: Liu, Eu-
rophys. Lett. 84, 17006 (2008).
[109] G. Brodin, M. Marklund, and G. Manfedi, Phys. Rev.
Lett. 100, 175001 (2008).
[110] G. Brodin, M. Marklund, J. Zamanian, A˚. Ericsson, and
P. L. Mana, Phys. Rev. Lett., in press, arXiv:0809.2382
(2008).
[111] D. Hanneke, S. Fogwell, and G. Gabrielse, Phys. Rev.
Lett. 100, 120801 (2008).
[112] W. Unruh, Phys. Rev. D 14, 870 (1976).
[113] P. Chen and T. Tajima, Phys. Rev. Lett. 83, 256 (1999).
[114] R. Schu¨tzhold, G. Schaller, and D. Habs, Phys. Rev.
Lett. 97, 121302 (2006).
[115] G. Brodin, M. Marklund, R. Bingham, J. Collier, and
R. G. Evans, Class. Quantum Grav. 25, 145005 (2008).
[116] S. W. Hawking, Nature 248, 30 (1974); Commun. Math.
Phys. 43, 199 (1975).
[117] J. T. Mendonc¸a, G. Brodin, and M. Marklund, Phys.
Lett. A 372, 5621 (2008).
